The phototropins are flavoprotein kinases that control phototropic bending, light-induced chloroplast movement, and stomatal opening in plants. Two flavin mononucleotide binding light, oxygen, or voltage (LOV) domains are the sites for initial photochemistry in these blue light photoreceptors. We have determined the steady state, photoexcited crystal structure of a flavin-bound LOV domain. The structure reveals a unique photochemical switch in the flavin binding pocket in which the absorption of light drives the formation of a reversible covalent bond between a highly conserved Cys residue and the flavin cofactor. This provides a molecular picture of a cysteinyl-flavin covalent adduct, the presumed signaling species that leads to phototropin kinase activation and subsequent signal transduction. We identify closely related LOV domains in two eubacterial proteins that suggests the light-induced conformational change evident in this structure is an ancient biomolecular response to light, arising before the appearance of plants.
INTRODUCTION
At least nine photoreceptors that control plant growth and development have been identified in Arabidopsis (Arabidopsis Genome Initiative, 2000) , and many genetic and biochemical interactions between these photoreceptors and their downstream signaling partners have been established (reviewed by Singhal et al., 1999) . However, the question of how a light signal is transduced by plant photoreceptors at the structural level remains unexplored. Light, oxygen, or voltage (LOV) domains, a subset of the Per-ARNT-Sim (PAS) domain superfamily (Lagarias et al., 1995; Taylor and Zhulin, 1999) , bind a single molecule of flavin mononucleotide (FMN) (Christie et al., 1999) and function as sites for blue light absorption and initial photochemistry in the phototropin family of photoreceptors (phot1 and phot2) (Huala et al., 1997; Christie et al., 1998) . The phototropins are Ser/Thr kinases that contain two N-terminal LOV domains (LOV1 and LOV2) (Huala et al., 1997) , autophosphorylate in response to the absorption of blue light (Christie et al., 1998) , and control phototropism, light-induced chloroplast movement, and stomatal opening (Huala et al., 1997; Christie et al., 1998; Jarillo et al., 2001; Kagawa et al., 2001; Kinoshita et al., 2001 ). The highly homologous phot1 and phot2 photoreceptors exhibit fluence-dependent functional overlap in controlling these physiologically distinct processes , as shown in Figure 1 .
Classic experiments by Briggs and colleagues (1957) demonstrated that phototropism is a direct result of lateral auxin transport away from the source of light. Chloroplast movement is mediated by microtubules and microfilaments of the cytoskeleton (Sato et al., 2001) , and stomatal opening is controlled by the activation of a membrane-bound H ϩ -ATPase and subsequent transport of K ϩ into the guard cells (Schroeder et al., 2001) . Thus, phot1 and phot2 affect at least three distinct cellular processes: auxin transport, cytoskeleton-mediated organelle motility, and ion transport. However, the initial photochemical event governing phot1 and phot2 control over each of these processes is identical. Optical and NMR spectroscopic studies of photoexcited phot1 LOV domains in solution suggest that a covalent adduct forms between a Cys and FMN C(4a) in response to light absorption (Salomon et al., 2000 (Salomon et al., , 2001 Swartz et al., 2001) . Moreover, mutational analysis of phot1 LOV domains has shown that absorption of light by LOV2 alone is necessary and sufficient for C-terminal kinase activation and phototropic bending; LOV1 photoactivity can be dispensed with (W. Briggs and J. Christie, personal communication) . We have studied the effects of a light stimulus on the molecular structure of a LOV2 domain and present a molecular model for how light absorption translates into structural change in a plant photoreceptor.
RESULTS

LOV2 Crystal Microspectrophotometry
Crystals of LOV2 from maidenhair fern phy3, a chimeric phytochrome/phototropin (Nozue et al., 1998) , were used for all experiments. This LOV2 construct was chosen because it produced the highest protein yield and purity compared with other phototropin LOV constructs from Arabidopsis and oat. Before determining the photoexcited structure of LOV2, we conducted spectroscopic studies of single crystals to determine how the spectral and kinetic properties of LOV2 are affected by crystallization. Figure 2A shows that the ground-state absorption spectrum of monoclinic LOV2 crystals is blue shifted by 2 nm relative to that in dilute solution. LOV2 molecules in both crystals and dilute solution undergo a fully reversible photocycle with a spectral crossover point at ‫ف‬ 405 nm. Thus, as in solution, the crystal spectral data are consistent with cysteinyl-C4(a) adduct formation, not with simple photoreduction.
Decay from a photoexcited steady state occurs via a single exponential process with closely similar rates in the crystal and solution, as shown in Figure 2B . Single exponential decay indicates that all four monomers in the crystallographic asymmetric unit (see Methods) exhibit identical kinetic behavior despite their different crystal environments and that crystallization does not affect kinetic behavior significantly. To characterize the structural basis of these lightdriven changes, we determined the steady state, photoexcited crystal structure of LOV2.
Light-Driven Adduct Formation
The crystal structure of photoexcited phy3 LOV2 was determined to 2.6 Å resolution by molecular replacement using the dark-state phy3 LOV2 structure (Crosson and Moffat, 2001 ) as a starting model. Crystallographic data and refinement statistics are summarized in Table 1 . A rare single crystal of space group P1, containing four monomers per asymmetric unit, was used for structure determination. This triclinic crystal is closely related to the triclinic crystal used for dark-state structure determination, although the unit cell constants differ slightly between the two. A complete description of all of the crystal forms used for these studies is detailed in Methods. Photoexcited data were collected at room temperature to avoid "freezing out" the conformational transitions whose nature is the goal of this study and to avoid the possible formation of off-pathway structural intermediates (Moffat, 2001) . Figure 3 shows the overall fold of phy3 LOV2 in the photoexcited state.
Examination of the FMN binding pocket of photoexcited LOV2 reveals a unique, reversible photochemical switch in which the absorption of light leads to the formation of a new covalent adduct between a single Cys and the 4a carbon of FMN. Initial examination of the photoexcited structure showed clear electron density between the sulfur atom of the conserved Cys (residue 966 in phy3 LOV2) and C(4a) of FMN in all four monomers of the asymmetric unit, which suggested the presence of a covalent bond between these two atoms. Interestingly, cysteinyl-flavin C(4a) adducts also have been identified as transient intermediates in disulfide reductase The phot1 protein functions as a photoreceptor for phototropism and chloroplast photoaccumulation under a broad fluence range. phot2 functions as a photoreceptor for chloroplast photoaccumulation at moderate fluences and photoavoidance at high fluences. In addition, phot2 can function as a photoreceptor for phototropism under high fluence. Both phot1 and phot2 function as redundant photoreceptors that control stomatal opening. The initial photochemical step of cysteinyl-flavin adduct formation is identical in both of these plant blue light photoreceptors. The energy of a blue-light photon is designated h.
flavoenzymes (Miller et al., 1990) . However, the chemistry of adduct formation differs in these flavoproteins: a cysteinylflavin C(4a) adduct forms when the flavin reduces a disulfide bond with electrons derived from pyridine nucleotide in a light-independent manner.
Because there are no known structures of a cysteinyl-flavin C(4a) adduct, the isoalloxazine ring from a small molecule crystal structure of a flavin-isopropyl C(4a) adduct (Bolognesi et al., 1978) was used as a starting model for the refinement of photoexcited LOV2. Multiple rounds of refinement beginning with various bond distances and angles and corresponding bond energy terms all converged to a S ␥ -C(4a) covalent bond distance of 1.8 Å and a C ␤ -S ␥ -C(4a) angle of 113 Њ ; the geometry of FMN C(4a) was refined as tetrahedral. The cross-validated residual factor (R free ) of 25.9% and the absence of significant features in a final F obs Ϫ F calc difference (where F obs and F calc are the observed and calculated structure amplitudes, respectively) electron density map of the chromophore region suggest that this single structural model accounts satisfactorily for the diffraction data at 2.6 Å resolution. Figure 4A shows the lack of electron density between the single LOV2 Cys and the flavin ring in the dark, and the electron density shown in Figure 4B indicates the formation of a cysteinyl-flavin c(4a) adduct upon light absorption.
Conformational Change in the Flavin Pocket
A least-squares superposition (Kabsch, 1976) of phy3 LOV2 in the dark and photoexcited states was conducted to determine which residues exhibit significant motion in response to adduct formation. The average atomic displacement between the dark and photoexcited structures was 0.29 Å ( SD ϭ 0.20 Å). Displacements exceeding two SD units (0.69 Å) were deemed significant. This analysis revealed that significant atomic displacements are confined completely to the FMN and to certain side chains in the flavin binding pocket. No atoms in the polypeptide backbone exhibit significant motion. Figure 5A shows that an ‫ف‬ 8 Њ tilt of the FMN isoalloxazine ring occurs, and rotation of the Cys side chain by 100 Њ around the C ␣ -C ␤ bond displaces the Cys sulfur by 2.3 Å and brings it within covalent bonding distance of C(4a).
Three side chains (N1008, Q1029, and F1010) that form hydrogen bonds or van der Waals contacts with the FMN ring in the dark-state structure move in the photoexcited state to maintain their contacts with the flavin isoalloxazine moiety, as shown in Figure 5B . The side chain of I943 shifts toward the hole left by the Cys sulfur, and Q970 adjusts to the displacement of the ribityl side chain (data not shown). Hydrogen bonds and van der Waals contacts between the protein and FMN are maintained in the photoexcited structure for all residues except Q1029. It appears that the hydrogen bond present between the side chain amine and atom O4 of FMN in the dark-state structure is broken in the photoexcited state, and a hydrogen bond forms between the side chain carbonyl oxygen and the newly protonated N5 atom of FMN. Concomitantly, the hydrogen bond present in the dark state between the carbonyl oxygen of Q1029 and the hydroxyl of S930 is broken, and a new hydrogen bond between the amine and the backbone carbonyl of G1027 is formed ( Figure 5B ).
Higher resolution data are necessary to confirm the details of this light-driven change in hydrogen bonding pattern. Unexpectedly, the two water molecules present in the flavin binding pocket of the dark-state structure and the 3 10 helix, of which the conserved Cys is part, are unaltered in the photoexcited state. The absence of significant structural change in any molecular surface of LOV2 suggests that when LOV2 relays a light-driven signal to the phototropin kinase domain, it does so not directly through a conformational change at its molecular surface but through a change in the dynamic properties of the protein upon covalent linkage of the polypeptide to FMN, as discussed below.
A Conserved Biomolecular Response to Light
Nonphototropin proteins involved in the regulation of circadian rhythm, including ZTL and FKF1 from Arabidopsis and Wc-1 from Neurospora , have been predicted previously to contain highly conserved, single flavin binding LOV domains (Crosson and Moffat, 2001) . Using the flavin-interacting motif as a search element, a BLAST search (Altschul et al., 1997) against GenBank identified three additional proteins that contain single LOV domains in which all 11 flavin-interacting residues, including the photoactive Cys, are conserved. The first of these proteins, VVD, has been shown to regulate circadian rhythm in the fungus Neurospora (Heintzen et al., 2001 ).
The other two proteins are from prokaryotes and include a putative sensor His kinase from the recently sequenced Caulobacter genome (Nierman et al., 2001) and Bacillus YtvA, which functions as a positive regulator of the general stress transcription factor B (Akbar et al., 2001) . Figure 6 provides an alignment of LOV domains from Arabidopsis phot1 and phot2 and maidenhair fern phy3 with the Arabidopsis and Neurospora proteins that regulate circadian rhythm and the two prokaryotic LOV domains. Although only phototropin LOV domains have been proven to bind FMN, the conservation of the flavin binding motif and Cys in these other LOV domains suggests that they also bind flavin and exhibit the same photochemistry and structural rearrangement seen in the photoexcited phy3 LOV2 structure.
DISCUSSION
We have shown how the absorption of light by the LOV2 plant photoreceptor domain results in pronounced changes in the structure of the protein. Specifically, a light-driven covalent bond forms between the single Cys residue of phy3 LOV2 and the 4a carbon of FMN, resulting in structural rearrangements on and around the flavin ring. The changes seen in the photoexcited crystal structure appear to be limited to the FMN binding pocket, with the most significant molecular motion occurring at the photoactive Cys. NMR Ribbon diagram of the phy3 LOV2 structure under steady state illumination. The FMN cofactor is shown in the center of the fold with the bonds colored red. The sulfur of the conserved LOV Cys residue is pictured attached covalently to carbon 4a of FMN with a yellow adduct bond. Atoms of the Cys side chain and FMN are colored by elements: carbon, green; nitrogen, blue; phosphorus, pink, sulfur, yellow; and oxygen, red. The image was generated in Ribbons (Carson, 1997) . Compare with Figure 1B studies of a fusion protein containing oat phot1 LOV2 have shown chemical shift differences in the dark and photoexcited states between the FMN phosphate, ribityl carbons, and backbone amide protons (Salomon et al., 2001) . The crystallographic data presented here suggest that these changes in chemical shift are not accompanied by large structural changes in the polypeptide backbone. Indeed, the structure and the structural changes are consistent in all four monomers of the crystallographic asymmetric unit, even though they are subject to different crystal packing environments. These data provide strong evidence that crystallization does not greatly perturb structural changes during the photocycle.
Comparison of the dark and photoexcited LOV2 structures verifies that only small protein movement is necessary to form the cysteinyl-flavin adduct. We argue that the dynamics of LOV2 are affected by adduct formation and that this change in protein dynamics affects subsequent kinase activation and signal transduction. Covalent linkage of the polypeptide to the chromophore in the photoexcited state must change the dynamics of the protein, for example, by reducing conformational flexibility in the region of Cys at- Fourfold noncrystallographic symmetry-averaged omit maps of FMN and Cys-966 were calculated from the dark state (Crosson and Moffat, 2001 ) (A) and the photoexcited state (B) of phy3 LOV2. Maps are contoured at Ϯ5 and Ϯ9, in which is the root-meansquare value of the electron density. The blue ribbon represents the 3 10 helix that contains the Cys. Atom colors are as in Figure 3 . The images were generated in Ribbons (Carson, 1997) . (A) Fourfold noncrystallographic symmetry-averaged light-minusdark difference Fourier map contoured at Ϯ4, in which is the root-mean-square value of the electron density. Photoactive Cys and the flavin ring for the dark (blue) and photoexcited (yellow) structures are shown. Negative difference density (blue) and positive density (yellow) indicate Cys and ring motion upon photoexcitation. (B) Side chains exhibiting significant displacements between the dark (blue) and photoexcited (yellow) structures in response to cysteinyl-flavin C(4a) adduct formation. Hydrogen bonds between the protein and FMN cofactor in the dark and photoexcited structures are indicated by blue and yellow dotted lines, respectively. A 2.6 to 3.5 Å range for hydrogen bonding was used. Atoms are colored by elements: nitrogen, light blue; sulfur, green; and oxygen, red. Atoms colored blue in the dark structure and yellow in the photoexcited structure are carbon. tachment to the flavin chromophore and decreasing the entropy of its segment of the polypeptide chain. In a signal transduction model based on a change in protein dynamics, the affinity between LOV2 and an intramolecular signaling partner (e.g., kinase or LOV1 domains) or an intermolecular partner such as NPH3 (Motchoulski and Liscum, 1999 ) is dominated by entropic effects.
This differs from an enthalpic model of domain recognition and interaction, in which changes in the positions of atoms affect the affinity between signaling partners. Thermodynamically, the end result of a change in either enthalpic or entropic effects can be the same: the promotion or disruption of intermolecular and intramolecular interactions in signaling systems. The recent proposal that the molecular dynamics of regulatory domains might affect kinase activity at a distant site (Young et al., 2001) suggests that changes in the dynamics of signaling molecules upon interaction with light, small molecular ligands, or other biomolecules may play an important role in signal transduction.
The photochemistry displayed by LOV2 in this crystal structure is predicted to extend beyond phototropin and phy3 to include plant and fungal proteins that regulate circadian rhythm and eubacterial proteins of varied function. Although none of the domains listed in the alignment shown in Figure 6 have been shown explicitly to bind flavin, Bacillus YtvA is a putative flavoprotein that exhibits a flavin-like spectrum when overexpressed in Escherichia coli (Akbar et al., 2001) . The presence of these domains in at least two different eubacterial proteins suggests that the photochemistry evident in phototropin and phy3 LOV domains is not a eukaryotic adaptation. Although evolution of this photochemistry through convergence in plants, fungi, Phototropin and phy3 LOV domains with known photoactivity include Arabidopsis phot1 and phot2 and maidenhair fern (Adiantum) phy3. LOV domains from proteins that regulate circadian rhythm include Arabidopsis ZTL and FKF1 and Neurospora Wc-1 and VVD. Sequences for two eubacterial proteins containing a LOV domain with a flavin binding motif and conserved Cys also are shown: Bacillus YtvA and a putative sensor kinase from Caulobacter. Flavin-interacting residues are marked above the sequences (inverted triangles), as are residues whose side chains exhibit significant motion upon photoexcitation (ϩ). Identical (black) and similar (gray) residues are highlighted at a 50% cutoff. The secondary structure of LOV2 is marked above the alignment: ␤-strand (arrows) and helix (helices). and eubacteria cannot be excluded, it appears that lightdriven, cysteinyl-flavin adduct formation may have appeared first in the prokaryotes. Thus, the photochemistry and subsequent structural changes evident in this FMN binding LOV domain could be an ancient, evolutionarily conserved response to light that has been adapted for use by disparate systems.
METHODS Protein Expression and Purification
A construct containing an N-terminal calmodulin binding peptide (Christie et al., 1999) and spanning residues 924 to 1051 of phy3 LOV2 from maidenhair fern ( Adiantum capillus-veneris ) was expressed in Escherichia coli BL21(DE3) pLysS cells. Twelve liters of cells was grown at 37 Њ C to an OD 600 of 0.4 as measured on a Shimadzu UV160U spectrophotometer (1 cm path length; Kyoto, Japan). Cells were induced with 500 M isopropylthio-␤ -galactoside and grown for an additional 4 hr at 27.5 Њ C. After cell lysis, phy3 LOV2 was purified by affinity chromatography on a calmodulin column, and the fusion tag was cleaved with thrombin (Haemotologic Technologies, Essex Junction, VT). Anion-exchange chromatography with high-performance Sepharose Q (Amersham Pharmacia) was used to separate thrombin, uncleaved protein, and calmodulin binding peptide from LOV2. Cleaved protein was concentrated to 15 mg/mL in a high-pressure stirred ultrafiltration cell with a 3000 molecular weight cutoff filter (Amicon, Beverly, MA). On average, this preparation yielded ‫ف‬ 8 mg of pure protein.
LOV2 Crystallization
Three crystal forms of the phy3 LOV2 domain have been characterized. The crystal form used for dark-state data collection (Crosson and Moffat, 2001 ) was grown at 20 Њ C from 24% polyethylene glycol (PEG 5000) monomethyl ether, 12% glycerol, and 50 mM Tris, pH 8.0, in triclinic space group P1 with cell dimensions a ϭ 44.9, b ϭ 54.1, and c ϭ 70.6 Å (␣ ϭ 93.3, ␤ ϭ 94.0, and ␥ ϭ 90.0Њ); the crystal form used for photoexcited-state data collection was grown at 25ЊC from 22% PEG 5000 monomethyl ether, 12% glycerol, and 50 mM Tris, pH 8.0, also in triclinic space group P1 with slightly different unit cell dimensions in the photoexcited state of a ϭ 44.8, b ϭ 54.8, and c ϭ 70.9 Å (␣ ϭ 93.1, ␤ ϭ 93.8, and ␥ ϭ 90.4Њ); the third crystal form used for microspectrophotometry was grown at 25ЊC from 24% PEG 5000 monomethyl ether, 12% glycerol, and 50 mM Tris, pH 8.0, in the monoclinic space group P2 1 with cell dimensions a ϭ 70.1, b ϭ 70.2, and c ϭ 74.3 Å (␤ ϭ 109.15Њ). All three crystal forms have four LOV2 monomers in the asymmetric unit, but the monoclinic form exhibits different packing of LOV2 monomers than the two triclinic forms.
Crystal Microspectrophotometry
All crystal spectroscopic measurements were made on a singlebeam microspectrophotometer (Chen et al., 1994) . Thin, monoclinic crystals allowed the accurate measurement of optical density that was not readily possible with the thicker triclinic crystals used for crystal structure determination. To obtain the kinetics of decay from a photoexcited steady state, a single capillary-mounted monoclinic crystal (200 ϫ 200 ϫ 10 m) was illuminated with 20 mW/mm 2 polychromatic light from a xenon lamp until no further change was evident in the spectrum and allowed to decay in the dark at 23ЊC to the ground state. Solution recovery kinetics were measured on a Hewlett-Packard 8452A diode array spectrophotometer (Palo Alto, CA).
Structure Determination of the Photoexcited State
Diffraction data were collected from a single triclinic crystal at 23ЊC with the crystal under continuous illumination by 20 mW/mm 2 polychromatic light delivered via fiber optics from a xenon lamp. Diffraction initially extended beyond 1.8 Å but had decayed to 3.0 Å after 180Њ of data collection, resulting in a final resolution of 2.6 Å. The data were processed and scaled with DENZO/SCALEPACK (Otwinowski and Minor, 1997) . Molecular replacement with the dark-state LOV2 structure (Protein Data Bank Code 1G28) as a starting model was conducted using the computer program EPMR (Kissinger et al., 1999) and gave an initial crystallographic residual factor (R cryst ) of 35% with four monomers in the asymmetric unit. Rigid body, positional, and simulated annealing refinement in the computer program CNS (Brünger et al., 1998 ) and the addition of 65 water molecules resulted in a cross-validated residual factor (R free ) of 27.3%. Translation-libration-screw refinement in Refmac5 (Winn et al., 2001 ) was used to model anisotropic displacements between noncrystallographic symmetry-related proteins in the asymmetric unit and resulted in a further decrease in R free to 25.9%.
Fourfold noncrystallographic symmetry averaging for the calculation of flavin/Cys omit maps and light-minus-dark difference maps was conducted using the CCP4 program DM (Bailey, 1994) . As a control, the steady state photoexcited structure of the monoclinic crystal form also was solved and refined against 3.1 Å data to an R free of 28.5%. This crystal form showed the same adduct features as the photoexcited triclinic form, which provides further evidence that the crystal environment does not affect the photocycle significantly. All data were collected on an ADSC Quantum4 charge-coupled device detector using 1.0 Å radiation at beamline 14-BM-C (BioCARS-CAT; Advanced Photon Source, Argonne National Laboratory, Argonne, IL).
BLAST Search
LOV2 from maidenhair fern phy3 was used as a BLAST search element to identify other Per-ARNT-Sim/LOV domains (cutoff at Ͻe Ϫ5 ). Domains containing all 11 flavin-interacting residues then were identified manually.
Accession Number
The Protein Data Bank accession number for LOV2 is 1JNU. Accession numbers for the sequences shown in Figure 6 are AAC01753 (Arabidopsis phot1), AAC27293 (Arabidopsis phot2), BAA36192 (maidenhair fern phy3), AAF70288 (Arabidopsis ZTL), AAF32298 (Arabidopsis FKF1), Q01371 (Neurospora Wc-1), AF338412 (Neurospora VVD), A70002 (Bacillus YtvA), and AAK22272 (a putative sensor kinase from Caulobacter).
